Methods and Results. From color M-mode images, the time difference (TD) between occurrence of peak velocity in the apical region and at the mitral tip was determined in 20 patients and eight anesthetized dogs during coronary occlusions. During PTCA, the timing of peak velocity was progressively delayed from mitral valve to apex. Consistent with this, the dog model showed delayed apical filling during coronary occlusion; TD increased from 18±4 to 71±9 milliseconds (P<.01). In the ischemic region, systolic shortening (sonomicrometry) decreased from 20±3% to -5±2% (P<.01). The one-third filling fraction decreased from 59±5% to 31±6% (P<.01) and correlated with TD (r=.85, P<.01). The time constant of isovolumic relaxation (T) increased slightly and correlated with TD (r=.81, P<.01). Pacing tachycardia, caval constriction, and volume loading were performed to mimic the ischemia-induced changes in heart rate, stroke volume, and intracavitary filling pressure, respectively. There were no significant changes in TD or during these interventions.
Conclusions 
Experimental Material and Methods
Fourteen dogs of either sex (17 to 26 kg) were given thiopentone (25 mg/kg body weight IV), followed by an infusion of morphine (50 to 100 mg/h) and sodium The area of early filling was defined, and the color data were decoded into numerical values (Fig 1B) . An algorithm was used to locate the intraventricular peak velocity at every second pixel depth (0.46 cm) in the dogs and at every fourth pixel depth (0.92 cm) in the humans, from the mitral tip toward the apex. In the distal 1.5 to 2 cm of the ventricle, velocities were low and difficult to separate from noise artifacts. These velocities were therefore not included in the analysis. If peak velocity at a given depth was found in several adjacent pixels, the most centrally located pixel was chosen. In cases in which the flow column was divided into two phases in the apical region, the algorithm was constructed to determine peak velocity in the phase with the highest velocity at the dividing site. The time difference (TD) of peak velocity was defined as the TD between occurrence of peak velocity in the apical region and at the mitral tip (Fig 1C) Two phases of apical inflow were present in 36% of the dogs at control and in 73% during coronary occlusion. At the dividing site, the highest filling velocities were always found in the second phase. Effects of alteration in heart rate and loading. Pacing tachycardia at rates of 120, 135, and 150 beats per minute caused a slight, statistically nonsignificant decrease in TD. With caval constriction that reduced stroke volume by 25% (P<.05) and with volume loading to LVEDP of 13+1, 17+0, and 22±1 mm Hg, TD tended to increase, but these changes did not reach statistical significance (Table 3) .
Relation between TD and other hemodynamic variabks. Multiple regression analysis of values before and during ischemia showed that TD correlated positively with T (r=.81, P<.01), end-diastolic segment length of the ischemic region (r=.92, P<.0001), and LVEDP (r=.78, P<.05). Furthermore, there was a negative correlation between TD and one-third filling fraction (r=.85, P<.01) (Fig 6) . No Few studies have been published using the color M-mode Doppler technique to study LV filling. Jacobs et all found delayed propagation and prolonged duration of LV inflow in patients with dilated cardiomyopathy. Brun et a12 recently reported low velocity of blood propagation during diastole in patients with LV hypertrophy or cardiomyopathy. The velocity of flow propagation was inversely related to a. Brun et al measured the slope of the basal flow wave front, whereas we measured delay of peak velocities, which could be determined even in the apical part of the ventricle.
The pulsed Doppler technique might have been used for measuring the timing of intraventricular filling velocities.7'8 This technique displays the velocity spectrum, whereas color M-mode Doppler echocardiography measures mean spectral velocity. Pulsed Doppler echocardiography therefore may have a higher level of precision in determining the exact timing of peak velocity. However, if pulsed Doppler echocardiography were to be used, the time difference would have to be calculated from different heart beats, introducing an additional factor of variability.
The dog experiments showed that the delayed apical filling by color M-mode Doppler could not be attributed to a change in the early transmitral pressure gradient.
This may suggest that the color M-mode flow pattern slightly reversed after coronary artery occlusion in dogs. Our findings of rapid apical filling in the normal LV and retarded apical filling during ischemia might reflect such a change in intraventricular pressure gradients. Jacobs et all postulated that the prolonged duration of inflow in patients with dilated cardiomyopathy was secondary to formation of eddy currents at the apex. The existence of eddy currents during ischemia is supported by the study of Beppu et al,10 who used echo contrast to show abnormal inflow patterns during coronary occlusion in dogs. Furthermore, Delemarre et all' described circular apical flow patterns in patients with acute myocardial infarction and pump failure. Therefore, the retarded filling of the apical region in our study might reflect formation of eddy currents. With color M-mode Doppler echocardiography, two phases of early apical inflow were found, occasionally before and more often during ischemia. One might speculate that this reflects different waves of apical inflow and that the second wave is retarded during coronary occlusion because of impaired relaxation of the ischemic myocardium. In the dog model, myocardial ischemia was accompanied by moderate tachycardia, moderate elevation of intracavitary filling pressure, and reduction of stroke volume. To investigate whether the change in filling pattern was caused by these changes rather than by ischemia as such, we assessed the effect of changes in heart rate and loading in the nonischemic ventricle. Pacing tachycardia, volume loading, and caval constriction caused only minor and statistically nonsignificant changes in TD. Thus, the change in the color M-mode Doppler flow pattern during coronary occlusion apparently was not caused by these hemodynamic changes. A limitation of this experimental approach, however, is that each of these interventions induced several hemodynamic changes. Furthermore, we were not able to study the combined effect of a reduction in stroke volume and an increase in end-diastolic volume. Therefore, we cannot exclude that the changes in filling pattern are a result of depression of LV function rather than being specific to myocardial ischemia.
Some studies have shown that increased preload is accompanied by increased T. 12 Our study failed to demonstrate an increase in r or TD with volume loading, possibly because of the accompanying tachycardia. 
Limitations of the Study
The rather high exclusion rate in the patient group was a result of inadequate acoustic windows in the supine position. This, however, is more a reflection of the study conditions than of a problem with the color M-mode Doppler technique, since the excluded patients showed adequate recordings in the lateral rotated position. Furthermore, no differences in clinical characteristics were present between the included and the excluded patients.
A major problem with color M-mode Doppler echocardiography is that the ultrasonic beam interrogates only a limited part of the ventricle in a single dimension.
Since spatial resolution is very limited, care should be exerted when conclusions are drawn regarding global filling of the LV cavity. Regional abnormality in wall motion, which is an early marker of ischemia, could have been detected from two-dimensional tissue imaging. The version of the ultrasound machine used in this study did not allow optimal imaging of the ventricle simultaneously with color Doppler flow. During the short period of occlusion in the patients, additional two-dimensional imaging of the ventricle was not feasible. One objection to our method is that the computer analysis is not yet commercially available.
The majority of the patients used 8-adrenergic blockers or calcium channel blockers, which may have modified LV diastolic function and contributed to the variability in the baseline values for TD. During PTCA, however, TD consistently increased regardless of which drug was used.
The animal preparation, of course, was influenced by the anesthetic and the rather extensive surgery. In particular, the thoracotomy and the pericardiotomy must have influenced extraventricular pressures. 13 The main objective of this study, however, was not to characterize diastolic function in an intact preparation but rather to relate abnormal flow pattern in the ischemic ventricle to other indices of diastolic function. We do not believe that our findings regarding the relation between the color M-mode pattern and the other indices of LV diastolic function are invalidated in such a preparation. Conclusions During PTCA, color M-mode Doppler echocardiography showed a delay of LV early diastolic filling that increased progressively from mitral valve to apex. This color M-mode filling pattern could be reproduced during coronary occlusion in dogs and was associated with a prolongation of r and a reduction of the one-third filling fraction in the ischemic myocardial segment. The findings suggest that the altered flow pattern reflects impairment of LV relaxation and filling. The color M-mode delay could not be attributed to changes in LV filling pressure or heart rate. Thus, color M-mode Doppler echocardiography may have potential as a clinical method for assessing diastolic dysfunction.
